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CyclodextrinAbstract In this study, adsorption-oriented processes for pollutant removal from metal polycon-
taminated surface-ﬁnishing discharge water were applied individually as well as in combination with
ion-exchange treatment to remove the remaining metal ions and organic load. Several materials
were compared using batch experiments, namely an activated carbon, three ion-exchange resins
(IRA 402Cl, IR 120H and TP 207), and two non-conventional cross-linked polysaccharide-based
biosorbents (starch and cyclodextrin). This article presents the abatements obtained in chemical
pollution as monitored by complete chemical analysis. For the same experimental conditions (sim-
ilar discharge water, pollutant concentrations, stirring rate, contact time, and initial pH), the high-
est levels of pollutant removal were attained with the combined use of two materials, an activated
carbon and a mixture of two ion-exchange resins. This physicochemical treatment effectively low-
ered the main pollutants present in the discharge water such as Cu, Ni and COD, by more than
96%, 79% and 74% respectively (average values for three samples), while the treatment with carbon
alone lowered them by 58%, 9% and 70%, and resins alone by 85%, 61% and 16%. Similar inter-
esting results were obtained with the cyclodextrin-based adsorbent and its use alone was sufﬁcient
186 J. Charles et al.to obtain decreases in Cu, Ni and COD of more than 94%, 77% and 67% respectively. The adsorp-
tion-oriented process using cyclodextrin polymer could be an advantageous approach for removing
organic and metallic pollutants from metal surface-ﬁnishing discharge water due to the non-toxic
character of CD to humans and the environment.
ª 2013 Production and hosting by Elsevier B.V. on behalf of King Saud University.1. Introduction
The main approach used by the metal surface-ﬁnishing indus-
trial sector to treat its waste water involves physicochemical
methods with, after pretreatment steps to deal with cyanides
for instance, precipitation of the pollutants by applying an
alkaline agent, then separation by physical treatment of the
sludge formed (e.g. by decantation) to leave clariﬁed water.
The use of physicochemical treatment generally enables the
legislation concerning liquid industrial efﬂuent to be respected
but this conventional treatment does not completely remove
pollution (Chmielewski et al., 1997; Barakat, 2011; Sancey
et al., 2011). However, as it has to cope with an increasingly
strict framework, the industrial sector continues to look into
new treatment methods to decrease the levels of pollution still
present in the efﬂuent, the aim being to tend towards zero pol-
lution outﬂow (Crini and Badot, 2010).
In theory, many methods could be suitable to ﬁnish off the
work done during the physicochemical treatment. We can
mention standard ﬁltration carried out on a ﬁltering medium
(sand, carbon, etc.), membrane ﬁltration (microﬁltration, re-
verse osmosis), evaporation, liquid–liquid extraction, oxida-
tion-based processes (conventional i.e. using an oxidizing
agent, or advanced e.g. catalytic oxidation), electro-treatments
(electrolysis, electrochemical precipitation, membrane electrol-
ysis, electrocoagulation), adsorption, ion-exchange and also
biosorption as well as speciﬁc biological techniques. Currently,
few methods are actually used by small surface ﬁnishing plants
owing to technical but especially to economic considerations
(Chmielewski et al., 1997; Barakat, 2011; Fu and Wang,
2011; Sancey et al., 2011). In addition, two speciﬁc points
should be borne in mind: ﬁrstly there is no single method able
to remove the whole range of mineral and organic pollutants
present in complex industrial mixtures and secondly it is extre-
mely difﬁcult to remove pollutants present at very low concen-
trations from efﬂuents that are heterogeneous and variable in
nature (Chmielewski et al., 1997).
As the objective is to reach better puriﬁcation of the dis-
charge water, a sequential approach can be considered: ﬁrstly
simple ﬁltration to protect the subsequent stages then adsorp-
tion onto activated carbons and ion-exchange and/or chelation
by means of polymeric organic resins (Alexandratos, 2009; Ak-
por and Muchie, 2010). This type of decontamination technol-
ogy links two methods of separation using two distinct
commercial materials in order to obtain the required levels of
abatement. The role of the activated carbon is to adsorb the
residual organic load and in addition to protect the resins from
the residual oils and solvents: a non-negligible proportion of the
organic load that is not eliminated physicochemically remains
in the efﬂuent and can adversely affect the performance of the
resins. The resins are then used to exchange or to chelate the dis-
solved metals remaining in the efﬂuent. When used as a ﬁnaltreatment, this type of sequence is acknowledged for its efﬁ-
ciency and its economic viability and it can be used on weakly
concentrated efﬂuent at the outlet of a standard physicochemi-
cal treatment unit. However, this technology does tend to suffer
from problems of saturation and disposal after use. Indeed, ﬁl-
ters composed of standard adsorbents such as active carbon and
organic polymers present the disadvantage of quite rapidly
becoming saturated and losing their efﬁciency. They must be
regularly replaced (carbons) or regenerated (resins) entailing
added costs. Moreover, the use of these adsorbents also repre-
sents a signiﬁcant environmental cost as their production and
regeneration entail high energy consumption. The current goal
therefore is to ﬁnd novel adsorbents that are economically via-
ble, able to eliminate all types of substances present in efﬂuent in
one step and that have no impact on the environment (Crini,
2005; Kailash et al., 2010; Fu and Wang, 2011).
Much effort has recently been focused on various materials
based on cyclodextrins (CDs) which are molecules derived from
starch (Crini, 2005). These substances, and in particular beta-
cyclodextrin (b-CD), have the remarkable ability to form inclu-
sion complexes with other molecules through host–guest inter-
actions in solution or in the solid state (Szejtli, 1998, 2004). The
speciﬁc properties of b-CD combined with its lack of toxicity to-
wards humans have led to its use in numerous applications
(pharmacy, medicine, biotechnology, textile industry, toiletries,
cosmetics, food additives, etc.). Recently, Morin-Crini and
Crini (2013) showed that b-CDs also deserve particular atten-
tion in environmental science in terms of removal of pollutants
from water and wastewater using oriented-adsorption pro-
cesses. Numerous recent studies have shown that starch- or
CD-based adsorbents can efﬁciently treat synthetic solutions,
but most focused on solutions contaminated with a single type
of pollutant. Studies involving treatment of industrial polycon-
taminated efﬂuent are indeed scarce.
In this article, we compare the performance of several
adsorbents – conventional (activated carbon, resins) and
non-conventional (starch, b-cyclodextrin) – in the abatement
of the metal pollutants and organic load in the discharge water
from surface-ﬁnishing plants.2. Materials and methods
2.1. Industrial discharge waters
Industrial discharge waters were collected from EEA Industry
located in Vitreux (Jura, France). Its main activity is plating
electrical contacts with copper, nickel, tin, silver and gold.
The analytical characteristics of three samples, taken on three
consecutive weeks, are shown in Table 1. The efﬂuents are aver-
age samples characteristic of that day’s activity. The three main
issues to be dealt with in the efﬂuent were Cu, Ni, and COD.
Table 1 Physicochemical characteristics of three discharge water samples (DW) and the corresponding legal discharge limits
(concentrations are expressed in mg L1, with the exception of conductivity in lS cm1, and AOX, chloroform and nonylphenols in
lg L1; pH at 20 C).
Pollutant/parameter Limit emission valuea DW 1 DW 2 DW 3
Cr 2.1 0.22 0.13 0.15
Cu 1.5 1.34 0.27 1.02
Fe 2 0.48 0.13 0.12
Ni 2 0.86 0.19 0.36
Sn 2 0.24 0.13 0.18
Ag 0.5 0.19 0.11 0.14
Easily released cyanidesb (CN) 0.1 0.04 <0.02 0.03
Suspended solids (SS) 30 21 14 11
Chemical oxygen demand (COD) 250 244 133 172
Total organic carbon (TOC) – 53.2 36.8 48.8
pH 6–9 8.4 8 8.2
Conductivity – 6520 5750 5360
Total nitrogen (Ntot) 50 39.4 23.4 36.8
B – 0.34 0.18 0.22
Na – 934 869 821
K – 165 142 144
P 10 0.21 0.15 0.19
Ca – 195 151 172
SO4
2 – 260 220 250
Cl- – 2150 1900 1600
Cl2 – 0.20 0.11 0.07
Adsorbable organic halides (AOX) 5000 3620 2900 2600
Chloroform – 62 11 23
Nonylphenols – 7.3 5 4.5
a Mean daily output for direct outﬂow (French law of 5th September 2006).
b Free or complexed cyanides dissolved in water.
Pollutant removal from industrial discharge water using individual and combined effects 1872.2. Materials
An activated carbon (AC), two ion-exchange resins (IRA
402Cl and IR 120H), a chelating resin (TP 207) and two
non-conventional cross-linked polysaccharides (starch and
beta-cyclodextrin) were used in this study. A general descrip-
tion and their properties are given in Table 2. The AC was a
commercial carbon used mainly for COD removal applica-
tions. IRA 402Cl is a strongly basic anion exchange resin with
a gel structure based on cross-linked polystyrene. The beads
bear type I quaternary ammonium functional groups
(N+(CH3)3). Combined with a strong acid cation exchanger,
this IRA 402 resin reduces the concentrations of both strong
and weak acids. Its main uses are water demineralization,
treatment of electroplating waste, and/or the isolation of anio-
nic metal complexes. IR 120H is a strongly acidic gel type cat-
ion-exchange resin of the sulfonated polystyrene type, mainly
used for water demineralization (in H+ form). TP 207 is a
weakly acidic, macroporous cation exchange resin with chelat-
ing iminodiacetate groups in a styrene matrix. This resin is
marketed for the selective extraction of metals from weakly
acidic to weakly basic solutions, and in particular for its selec-
tivity for Cu and Ni. Starch and b-CD are two cross-linked
polymers, prepared from commercial biopolymer in two steps,
ﬁrst reticulation using 1,4-butanediol diglycidyl ether in the
presence of NH4OH and 2,3-epoxypropyltrimethylammonium
chloride and then carboxymethylating it by means of a chloro-
acetic acid solution. The synthesis and characterization have
already been described in detail elsewhere (Renault et al.,
2008; Sancey et al., 2011).2.3. Analytical methods
Using the various materials in Table 2, pollutant removal from
the discharge waters was studied by the batch method without
changing the pH of the efﬂuent (8–8.4, see Table 1) in order
to simulate the industrial process. In each case, 25 L of dis-
charge water was mixed with a given mass of material in a
closed ﬂask at a constant stirring rate (250 rpm) at room tem-
perature (22 C± 1). The precise conditions of the batch
experiments used in this study are described in Table 3 (these
conditions were previously optimized for each material; results
not shown in this study). After treatment, the materials and
solutions were separated by ﬁltration. Adsorption of the pollu-
tants by the ﬁlter itself was monitored by washing it twice with
dilute HCl and the ﬁltrate was analysed for remaining pollu-
tant. The pollutant concentrations and parameters in the raw
and treated efﬂuents were determined by chemical analysis as
described in detail elsewhere (Sancey et al., 2011). The mea-
surements were repeated three times and average values taken
to be the amount of pollutant remaining in the efﬂuents. Re-
sults are expressed in mg L1 or in lg L1.
3. Results and discussion
3.1. Characterization of the wastewater
The complete characterization of the wastewater stream is pre-
sented in Table 1. It can be seen that the chemical treatment
did not remove the whole pollutant load. The three discharge
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188 J. Charles et al.waters contained low levels of colloidal pollution as suspended
solids, an organic load (high COD and TOC), mineral pollu-
tion (salts), and especially a mixture of different trace metals.
In particular, the values for the three major problem concen-
trations in the samples analysed were nickel (0.19–0.86 mg L
1), copper (0.27–1.34 mg L1), and COD (133–244 mg L1).
In addition, pollutant load was qualitatively and quantitatively
variable; however, it remained under current regulation limits
(Table 1).
3.2. Discharge water treatment using the ion-exchange process
Two resin treatments were applied to remove residual pollu-
tion. The ﬁrst used a mixture of ion-exchange resins composed
of one strong cationic resin with a strong anionic resin (called
R+/), and the second was a chelating resin (CHELA). The
use of these organic resins was effective for the abatement of
metals, as conﬁrmed by the results reported in Table 4. As ex-
pected, the resin treatment led to a signiﬁcant decrease in the
levels of Cr, Cu, Fe, Ni, Sn and Ag. Comparing the results ob-
tained, it can be seen that the mixed R+/ resin was more efﬁ-
cient than the chelating resin for metal abatement (Table 4).
The mixed resin gave excellent results for the six metals and
the salts that were studied, especially for Ca2+, Cl and SO4
2. This was conﬁrmed by the sharp drop in conductivity fol-
lowing R+/ treatment. Many of the levels were in the vicin-
ity of or even below the limit of detection (Cr, Fe, Sn, Ag, CN,
Ca and P). With the R+/ resin, abatements for Cu and Ni in
the three efﬂuents averaged 85% and 61% respectively. Treat-
ment with the chelating resin led to mean abatements of 57%
and 29% for Cu and Ni, lower than those obtained by treat-
ment with R+/. This is unexpected to say the least as TP
207 is marketed mainly to selectively decrease the levels of
Cu and Ni, but the poor results could be due to the initial
pH of the efﬂuent. For the chelator to act efﬁciently on these
two metals, the pH must be at most 6.5. In the present exam-
ple, the efﬂuent pH was close to 8.0 and at this potential the
chelating resin has a greater afﬁnity for other ions such as cal-
cium rather than for the target metals. For instance, during the
exchange process, Ca2+ ion transport would compete with the
chelation of heavier metal ions, in agreement with the ﬁnal cal-
cium concentrations which were below detection level. We
decided to leave the initial pH unchanged so as to maintain
real conditions of the efﬂuent at the outlet of the physical–
chemical treatment plant in order to check if the treatment
by resins can be applied directly to the efﬂuent without chang-
ing the pH. In this way, we sought to avoid an additional tech-
nical and economic burden (tanks for pH adjustment,
consumption of additional reagents).
The levels of abatement that were obtained can be ex-
plained by the mechanisms taking place during the treatment.
Indeed, the active sites present on the cationic resin beads (sul-
fonates) and on the chelating resin beads (iminodiacetic acid)
interact by chemisorption (ion-exchange or chelation) with
the metals (Tenorio and Espinosa, 2001; Demirbas et al.,
2005; Asresahegnova and Jelinek, 2009; Zainol and Nicol,
2009; Kolodynska, 2011). In the chelating resin a coordinate
bond is formed between metal ions and the carboxyl group
on the surface during the exchange process. Chelation-ex-
change invariably involves an ion-exchange process in con-
junction with the formation of the coordinate bond.
Table 3 Experimental conditions used in batch experiments.
Abbreviation Material dose (g L1) Contact time (min) Stirring rate (rpm)
Ion-exchange resin mix R+/ 8 60 250
Activated carbon AC 1 45 250
Chelating resin Chela 4 90 250
Starch Starch 1 60 250
b-Cyclodextrin b-CD 1 60 250
Table 4 Physicochemical characteristics of three discharge waters (DW) before and after the ion-exchange (R+/) or chelation
(CHELA) process (concentrations are expressed in mg L1, with the exception of conductivity in lS cm1 and AOX, chloroform and
nonylphenol in lg L1; pH at 20 C).
Pollutant/parameter DW 1 DW 2 DW 3
No treatment chela R+/ No treatment chela R+/ No treatment chela R+/
Cr 0.22 0.19 0.07 0.13 0.04 <0.02 0.15 0.14 0.03
Cu 1.34 0.61 0.24 0.27 0.13 0.04 1.02 0.37 0.13
Fe 0.48 0.06 <0.05 0.13 0.08 <0.05 0.12 0.09 <0.05
Ni 0.86 0.52 0.21 0.19 0.12 0.08 0.36 0.32 0.18
Sn 0.24 0.13 <0.05 0,13 0.09 <0.05 0.18 0.14 0.08
Ag 0.19 0.09 0.04 0.11 0.02 <0.01 0.14 0,04 0.02
CN- 0.04 <0.02 <0.02 <0.02 <0.02 <0.02 0.03 <0.02 <0.02
SS 21 <2 <2 14 <2 <2 11 <2 <2
COD 244 238 201 133 145 124 172 180 134
TOC 53.2 47.1 43.9 36.8 33.0 30.1 48.8 40.9 41.5
pH 8.4 8.5 8.1 8 8.1 7.9 8.2 8.1 7.8
Conductivity 6520 6440 3435 5750 5880 2740 5360 5560 3120
Ntot 39.4 37.1 35.4 23.4 21.2 18.1 36.8 36.6 27.8
B 0.34 0.34 0.33 0.18 0.19 0.16 0.22 0.24 0.22
Na 934 1120 750 869 987 671 821 1070 562
K 165 146 120 142 128 104 144 99,6 46
P 0.21 0.15 0.09 0,15 0.11 0.05 0.19 0.16 0.08
Ca 195 <4 <4 151 <4 <4 172 <4 <4
SO4
2 260 250 24 220 215 30 250 260 11
Cl 2150 2300 1020 1900 2350 995 1600 1900 930
Cl2 0.20 <0.02 <0.02 0.11 <0.02 <0.02 0.07 <0.02 <0.02
AOX 3620 2950 2620 2900 2460 2100 2600 1600 630
Chloroform 62 43 35 11 7 9 23 11 13
Nonylphenol 7.3 5.3 3.9 5 3.1 3.2 4.5 3.7 2
Pollutant removal from industrial discharge water using individual and combined effects 189Chelating resins are known for their suitability to selectively
remove and recover metals present in solutions owing to the
presence of one or more Lewis bases i.e. donor atoms able
to coordinate most polyvalent metal ions, which act as Lewis
acids.
Resin treatment had very little effect on COD, TOC or
NTOT (Table 4). It should also be pointed out that the treat-
ment by resins had no effect on boron and little effect on chlo-
roform or nonylphenols, but it did decrease the AOX. The
hydrophobic nature and the particular structure of resins
(crosslinked aromatic structures) can explain the fact that the
resins are effective at complexing adsorbable organic mole-
cules. Demirbas et al. (2005) showed that the resin IR 120 H
is effective at eliminating the metals Cu, Zn, Ni, Pb and Cd
present in synthetic solutions in controlled conditions. How-
ever, in our hands, the use of this resin alone was not sufﬁcient
to signiﬁcantly lower all the pollution present in the complex
polycontaminated efﬂuents, especially the target metals. Thisresult suggests that part of the metals that occur in a com-
plexed form are difﬁcult to exchange. It is known that efﬂuent
from the surface ﬁnishing industry contains complexing sub-
stances (polyamines such as tetraethylenepentamine and trieth-
anolamine for instance) susceptible to interact with metals.
This is why it is advantageous to couple two ion-exchange res-
ins. Besides, the strongly basic anion exchanger IRA 402 is
advisable for removal of complexing and organic compounds,
and also for metal complexes (supplier’s data). This is in agree-
ment with the decrease obtained in the COD, TOC and NTOT
values when the two resins are used in a mixture.
3.3. Adsorption using activated carbon
Analysis of the results presented in Table 5 indicates that ac-
tive carbon is very efﬁcient at decreasing the organic load in
the industrial efﬂuent. After adsorption on carbon, the COD
fell by 70% and the TOC by 84%. Likewise, AOX fell by
Table 5 Physicochemical characteristics of three discharge waters (DW) before and after adsorption onto activated carbon
(concentrations are expressed in mg L1, with the exception of conductivity in lS cm1 and AOX, chloroform and nonylphenol in
lg L1; pH at 20 C).
Pollutant/parameter DW 1 DW 2 DW 3
No treatment AC No treatment AC No treatment AC
Cr 0.22 0.09 0.13 <0.02 0.15 0.08
Cu 1.34 0.64 0.27 0.16 1.02 0.18
Fe 0.48 0.08 0.13 <0.05 0.12 <0.05
Ni 0.86 0.78 0.19 0.18 0.36 0.32
Sn 0.24 0.11 0.13 <0.05 0.18 <0.05
Ag 0.19 0.05 0.11 0.02 0.14 <0.01
CN- 0.04 <0.02 <0.02 <0.02 0.03 <0.02
SS 21 <2 14 <2 11 2.2
COD 244 88 133 41 172 38
TOC 53.2 12.3 36.8 6.5 48.8 4.04
pH 8.4 8.3 8 8.2 8.2 8.2
Conductivity 6520 6400 5750 5740 5360 5360
Ntot 39.4 36.2 23.4 20.1 36.8 37
B 0.34 0.29 0.18 0.15 0.22 0.23
Na 934 942 869 900 821 832
K 165 170 142 130 144 148
P 0.21 0.19 0.15 0.17 0.19 0.18
Ca 195 204 151 160 172 183
SO4
2 260 245 220 230 250 190
Cl 2150 2200 1900 2120 1600 1700
Cl2 0.20 <0.02 0.11 <0.02 0.07 0.04
AOX 3620 350 2900 270 2600 510
Chloroform 62 3 11 <0.1 23 1.6
Nonylphenol 7.3 1.3 5 <0.1 4.5 1.6
190 J. Charles et al.88%, chloroform by 95% and nonylphenol by 83%. More-
over, the activated carbon used in our studies also presented
high afﬁnity for metals with abatements for C, Fe and Ag of
58%, 94% and 85% respectively. These results are not surpris-
ing as carbon is a very broad spectrum adsorbant, recom-
mended for the elimination not only of the organic load, but
also of numerous mineral and/or organic micropollutants pres-
ent in polycontaminated discharge water. In general, this per-
formance can be explained by the intrinsic properties of the
carbons used (materials with a porous structure having high
speciﬁc surface areas and surface chemistry that is favourable
to interactions). Moreover, we propose that part of the metal
abatement is due to their removal in the form of complexes
with the strongly adsorbed COD and TOC.3.4. Treatment of discharge water by combining activated carbon
and polymeric organic resins
Two types of coupled treatments were carried out: active car-
bon + chelating resin (AC+ CHELA) and active car-
bon + the cationic/anionic resin mix (AC+ R+/). In fact,
when organic resins are used to treat efﬂuent, there is generally
a prior step of ﬁltration over active carbon to protect the resins
from the organic load and from ﬁne particles (SS) which can
both cause fouling and clogging. As expected, the abatements
were very high for both types of double treatment proposed
(Table 6): on average over the three efﬂuents tested, COD
and TOC abatements reached 70% and 84% for (AC + CHE-
LA) and 74% and 88% for (AC + R+/). However, it can benoted that the COD and TOC abatements achieved by AC+ -
CHELA were the same as those obtained with active carbon
alone. This indicates that the chelating resin had little effect
on the organic load (13% for the TOC and 0% for the
COD), just like the ion-exchange resin in the AC + R+/
pair (16% for COD and 17% for TOC). The strong decrease
in the organic load following the paired treatments can there-
fore essentially be attributed to the carbon. Similarly, the mean
metal abatements were also rather high, levels falling to below
the limits of detection after treatment, notably for the elements
Cr, Cu, Fe, Sn and Ag (Table 6). These results conﬁrm the
chemical efﬁciency of conventional materials used in series.
Concerning the decreases in the levels of the target metals,
Cu and Ni, present at the highest concentrations, the
AC + R+/ treatment pair proved to be systematically more
efﬁcient than the pair AC + CHELA with mean abatements
for Cu of 96% and for Ni 79%. As already mentioned,
although the chelating resin was actually designed for the
abatement of these two metals, the present batch trials were
carried out with no adjustment of the efﬂuent’s pH, doubtless
accounting for the poor results obtained with resin TP 207.
For both treatment pairs, useful levels of abatement were also
obtained for the elements Ca, K and Cl, as well as for chloro-
form, nonylphenols and the AOX parameter, conﬁrming the
key role of carbon pretreatment for the elimination of the or-
ganic load and/or part of the metals. The analysis of all the re-
sults obtained after a single treatment (AC, R+/ or
CHELA) or after paired treatments showed a systematic gain
in terms of chemical efﬁciency when the treatments were
paired. It was the AC + R+/ pair that gave the best results,
Table 6 Physicochemical characteristics of three discharge waters before and after two combined treatments, namely activated
carbon + chelating resin (AC + CHELA) and activated carbon + ion-exchange resins (AC + R+/) (concentrations are expressed
in mg L1, with the exception of conductivity in lS cm1 and AOX, chloroform and nonylphenol in lg L1; pH at 20 C).
Pollutant/parameter DW 1 DW 2 DW 3
No
treatment
AC+ CHELA AC+ R+/ No
treatment
AC+ CHELA AC+R+/ No
treatment
AC+ CHELA AC+R+/
Cr 0.22 0.09 <0.02 0.13 <0.02 <0.02 0.15 0.07 <0.02
Cu 1.34 0.42 0.09 0.27 <0.01 <0.01 1.02 0.14 0.06
Fe 0.48 0.13 <0.05 0.13 <0.05 <0.05 0.12 <0.05 <0.05
Ni 0.86 0.34 0.17 0.19 0.08 0.04 0.36 0.29 0.08
Sn 0.24 0.09 <0.05 0.13 <0.05 <0.05 0.18 <0.05 <0.05
Ag 0.19 0.08 <0.01 0.11 <0.01 <0.01 0.14 <0.01 <0.01
CN- 0.04 <0.02 <0.02 <0.02 <0.02 <0.02 0.03 <0.02 <0.02
SS 21 <2 <2 14 <2 <2 11 <2 <2
DCO 244 52 60 133 57 45 172 47 36
TOC 53.2 11.1 9.6 36.8 7.2 4.7 48.8 3.6 2.7
pH 8.4 8.5 8.2 8 8.3 8.1 8.2 8 7.9
Conductivity 6520 7125 5230 5750 6170 2990 5360 5700 3220
Ntot 39.4 27.2 23.1 23.4 18.4 9.3 36.8 31.4 17.9
B 0.34 0.29 0.31 0.18 0.19 0.14 0.22 0.32 0.2
Na 934 1190 718 869 1030 347 821 1140 660
K 165 155 122 142 71 60 144 114 83
P 0.21 0.1 0.13 0.15 0.09 <0.05 0.19 0.19 0.06
Ca 195 <4 <4 151 <4 <4 172 <4 <4
SO4
2 260 270 240 220 190 155 250 340 55
Cl 2150 1750 1800 1900 1360 920 1600 1200 795
Cl2 0.20 <0.02 <0.02 0.11 <0.02 <0.02 0.07 <0.02 <0.02
AOX 3620 290 350 2900 310 270 2600 820 430
Chloroform 62 5 <0.1 11 0.7 <0.1 23 0.52 <0.1
Nonylphenols 7.3 1.2 <0.1 5 <0.1 <0.1 4.5 0.5 <0.1
Table 7 Physicochemical characteristics of three discharge waters before and after adsorption on two cross-linked polysaccharides,
namely Starch and b-CD (concentrations are expressed in mg L1, with the exception of conductivity in lS cm1 and AOX, chloroform
and nonylphenol in lg L1; pH at 20 C).
Pollutant/parameter DW 1 DW 2 DW 3
No treatment Starch b-CD No treatment Starch b-CD No treatment Starch b-CD
Cr 0.22 0.11 <0.02 0.13 <0.02 <0.02 0.15 <0.02 <0.02
Cu 1.34 0.42 0.05 0.27 0.09 0.03 1.02 0.14 0.04
Fe 0.48 0.13 <0.05 0.13 <0.05 <0.05 0.12 <0.05 <0.05
Ni 0.86 0.22 0.16 0.19 0.09 0.05 0.36 0.13 0.09
Sn 0.24 0.14 <0.05 0.13 <0.05 <0.05 0.18 <0.05 <0.05
Ag 0.19 0.08 0.02 0.11 0.05 <0.01 0.14 0.03 <0.01
CN- 0.04 <0.02 <0.02 <0.02 <0.02 <0.02 0.03 <0.02 <0.02
SS 21 <2 <2 14 <2 <2 11 4,8 <2
COD 244 175 80 133 96 51 172 66 48
TOC 53.2 30.1 22.3 36.8 18.3 11.7 48.8 20.7 25.4
pH 8.4 8.6 8.5 8.0 8.1 8.4 8.2 8.1 8.8
Conductivity 6520 4900 4650 5750 4120 3140 5360 2580 2090
Ntot 39.4 25.5 20.1 23.4 19.3 15.1 36.8 17.7 12.7
B 0.34 0.25 0.2 0.18 0.15 0.11 0.22 0.1 0.16
Na 934 650 510 869 480 318 821 346 247
K 165 61 50 142 90 52 144 56 41
P 0.21 0.11 <0.05 0.15 <0.05 <0.05 0.19 <0.05 <0.05
Ca 195 142 131 151 104 98 172 117 111
SO4
2 260 215 104 220 76 57 250 81 51
Cl 2150 950 710 1900 860 620 1600 660 530
Cl2 0.20 <0.02 <0.02 0.11 <0.02 <0.02 0.07 <0.02 <0.02
AOX 3620 1020 695 2900 978 620 2600 510 750
Chloroform 62 15 3 11 <0.1 <0.1 23 1.6 4.3
Nonylphenolb 7.3 1.3 <0.1 5 <0.1 <0.1 4.5 3 2.7
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Figure 1 Polymer network containing cross-linked b-CD units
able to form inclusion complexes and carboxylic groups that
chemisorb metals.
Table 8 Comparison of the average abatements (in%) obtained in
applied.
Pollutant/parameter AC R+/ Chela
B 9 4 0
P 2 60 24
NTOT 6 18 5
Ca 0 100 100
Chloroform 95 41 36
AOX 88 41 23
Nonylphenol 83 46 28
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Figure 2 Comparison of the abatements of the metals such as Cr
abatement reached for the three industrial discharges).
192 J. Charles et al.not only for its chemical efﬁciency at the pH of the discharge
water, but also from an economic point of view, since the cost
of the ion exchange resins is lower than that of the chelator
TP207 (Table 1).
3.5. Adsorption using cross-linked polysaccharides
Table 7 compares the concentrations in the efﬂuent before and
after treatment by adsorption using two starch-based materials.
These two adsorbants were efﬁcient for the abatement of miner-
als, including metals and boron, and the organic load (COD and
TOC), with an advantage for b-cyclodextrin. For Cu, Ni andAg,
present in efﬂuent DW1, using starch and b-CD, we obtained 69
and 96%, 74 and 81%, and 58 and 89% respectively. For all the
metals studied here (Cr, Cu, Fe, Ni, Sn andAg),mean abatement
for the three efﬂuentswas 76% for starch and 93% for b-CDwith
values often close to or below the detection limit (Fe, Cr, Sn).
Likewise, for CODandTOC,mean abatement for the three efﬂu-
ents was 39% and 50% for starch and 67% and 58% for b-CD.
Promising abatement results were also obtained for AOX and
Ntot, and also for chloroform, nonylphenols, phosphorus and
boron. The cross-linked hydrophobic structure would explain
the high levels of abatement achieved by the polymers complex-
ing the organic load with the presence of carboxylated active sites
ensuring the chemisorption of the metals. Natural polymers are
known for their low speciﬁc surface areas compared to conven-the three discharge water samples with the various treatments
Starch b-CD AC+ R+/ AC+ Chela
32 36 12 0
80 100 65 31
37 52 50 23
30 34 100 100
83 92 100 94
73 77 88 84
74 84 100 90
Sn Ag
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AC + CHELA
AC + R+/-
Cu, Ni, Sn, and Ag with the various treatments applied (mean
020
40
60
80
100
TOCCOD
A
ba
te
m
en
t (%
)
CHELA
R +/-
AC
STARCH
BETA-CD
AC +CHELA
AC + R+/-
Figure 3 Comparison of the abatements of COD and TOC with the various treatments applied (mean abatement reached for the three
industrial discharges).
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tween the adsorbent and the adsorbate are essentially chemical
e.g. chelation, electrostatic interactions, and ion exchange.More-
over, comparing the adsorption results conﬁrms that the b-CD
polymer is more efﬁcient than the crosslinked starch polymer.
It always gave excellent results, not only for the organic load,
but also for metals (values close to or below the limit of detec-
tion), in spite of the fact that the speciﬁc surface area of the starch
was greater than that of the b-CD (Table 2). This could be ex-
plained by the involvement of another mechanism in adsorption
to b-CD. In fact, the core of the b-CDmacrocyclic structure pre-
sents a hydrophobic cavity able to reversibly act as the host to
various guest molecules leading to the formation of inclusion
complexes. Fig. 1 illustrates the mechanism involved: ﬁrstly for-
mation of the inclusion complexes between organic substances in
the solution and the molecular cavity of the CD molecules, and
secondly chemisorption of metals by the ligands grafted onto
thematerials. This inclusionmechanism can explain the better re-
sults obtained with the CD molecule than with the polymeric
starch molecule which is structurally similar but lacks the hollow
core.
3.6. Overall comparison of results
An overall comparison of the different ﬁnishing treatments,
whether alone or paired, is presented in Table 8 and Fig. 2
and 3. The lowest residual levels of metals (Fig. 2) and COD
and TOC (Fig. 3) were obtained either using the pair active
carbon + mixture of ion-exchange resins, or using just the
crosslinked cyclodextrin polymer. Adsorption to b-CD poly-
mer lowered the COD by 67%, TOC by 58%, metals by 70–
100%, and salts by 40–60%. Similar values were found for
the AC + R+/ pair i.e. requiring two adsorbents to reach
the same efﬁciency as b-CD alone. Nickel abatement was the
most difﬁcult to achieve and for a given treatment, residual
Ni levels always remained higher than those of the other heavy
metals followed here (Cr, Cu, Sn and Ag). Even though Ni oc-
curred at lower concentrations than copper, it was never com-pletely removed from the efﬂuents, irrespective of the
treatment combinations used (Fig. 2). Nickel forms very stable
complexes with certain organic molecules in solution, the or-
ganic–metal bonds thus being formed are very difﬁcult to
break (Papadopoulos et al., 2004).
4. Conclusion
In this study, we have shown that the treatment of surface ﬁnish-
ing plant efﬂuent using adsorption and/or ion exchange leads to a
signiﬁcant reduction in pollutant outﬂow. Combining active car-
bon with amixture of anionic and cationic ion exchange resins or
using crosslinked b-cyclodextrin polymer gave the best chemical
abatements. Comparing these two treatments indicated that a
single treatment with the non-conventional material b-CD gave
very good chemical abatements, i.e. close to those obtained with
treatment using active carbon + resins. The aimwas to study the
addition of the cyclodextrin material directly in the chemical pre-
cipitation tank. It was then eliminated after settling with the
sludge during the decantation step. The chemical treatment by
CD can be considered as a viable alternative to activated carbon,
ion-exchange resins, and other synthetic materials used for this
purpose. The next step in this work will consist of testing this
non-conventional adsorbent on a pilot industrial scale. Also we
will use standardized bioassays to evaluate the utility of each of
the chemical treatments proposed.Acknowledgements
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